e have examined 26 retrieved, failed titanium-alloy femoral stems. The clinical details, radiological appearances and the histology of the surrounding soft tissues in each patient were also investigated.
The Capital hip system (3M, Loughborough, UK) was introduced in the UK on 1 August 1991 and discontinued on 31 March 1997. During this time, approximately 4800 cemented Capital femoral stems were implanted.
The Capital femoral stem was similar in design to the Charnley (DePuy, Leeds, UK) with a few modifications. The system offered two geometrically identical types of stem, the monobloc which was a single-unit head and neck made of stainless steel, and the Capital which was a modular system with a titanium-alloy stem and a choice of heads. The stem was either of standard geometry which was approximately the same as the Charnley roundback 40, or of flanged which differed from the Charnley in that it was wider and more conical, without shouldering. Both had a shot-blasted, rough-surface finish. The accompanying instrumentation was designed to produce a cement mantle of 1 mm in all the zones described by Gruen, McNiece and Amstutz. 1, 2 In July 1995, after reports of proximal loosening, the manufacturer modified the surgical protocol, suggesting curettage of the trabecular bone in the proximal canal and of the medullary canal at the surgeon's discretion. 3 Approximately 1000 of the 4800 Capital stems used in the UK were made of stainless steel; the remainder were titanium alloy. After reports of early failures of both the stainless-steel and titanium implants the Medical Devices Agency issued a notice on 19 February 1998 4 which recommended the immediate recall for review of all patients who had received a Capital hip replacement. In February 1998, the Medical Devices Agency commissioned a preliminary report on ten explanted titanium Capital stems. This was extended to a detailed investigation of 26 failed titanium Capital stems from three centres, which had been retrieved at revision between September 1996 and July 1998. For each patient the history, radiology, the retrieved stems and the histology were investigated.
Materials and Methods
Twenty-six titanium stems and surrounding soft-tissue samples were retrieved at revision. The samples were collected from cement-bone interfaces in the acetabulum and femur and from the capsule. The stems and soft tissues were stored in 10% (v/v) formaldehyde. All specimens were anonymised. Three areas of investigation were undertaken. Clinical background. A standard form was completed, giving the personal and operative details of the primary and revision surgery, and the hospital notes of each patient were reviewed by one of the authors (LRMcG). Radiographs for 24 patients were available. Anteroposterior films only were analysed since few lateral radiographs had been taken and, when available, were of inadequate quality. In order to maximise the number of films for analysis, both hip-centred and pelvic-centred films were used, which introduced a small source of error. The observed radiological changes were, however, relatively gross and the difference in the magnification of the films was not significant.
On the immediate postoperative films, the alignment of the stem and thickness of the cement mantle in zones 1 to 7 of Gruen et al 2 were recorded. The linear distances from the medial aspect of the neck-stem junction to the centre of the lesser trochanter and from the tip of the calcar to the centre of the lesser trochanter were measured. Subsequent films were inspected for stem-cement radiolucencies, fracture and fragmentation of the cement, cement-bone lucencies, endosteal cavitation and migration of the stem, which were recorded against the time in months. The distances from the medial aspect of the neck and from the tip of the calcar to the centre of the lesser trochanter were measured and compared with those on the immediate postoperative films in order to calculate subsidence of the stem and calcar resorption. The times of the follow-up films on which changes were first seen were recorded. The number of patients in whom a given change was observed at sixmonth intervals was plotted on an accumulative frequency graph. This allowed a chronological pattern to be developed. The times and the mean values are highly variable, because of the small numbers and the large data intervals. They should be taken only as a guide to observed trends and are not definitive. For each measurement, the 'worst case' was used, i.e., the narrowest cement mantle in each zone was assessed, and lucencies were measured at their widest point, all by the same observer. Examination of explanted stems. The size, the manufacturer's lot number and the gross appearance of each stem were recorded with reference to areas of wear and the presence of scratches. Anterior, posterior, medial and lateral photographs of each stem were taken under standard conditions and magnification, allowing them to be directly compared.
The original finish of the stem and the areas of wear on the anterolateral and posteromedial corners distally were quantified using a microfocus three-dimensional surface profilometer (UBM Messtechnik GmBH, Ettlingen, Germany). Surfaces were characterised using a range of surface parameters and three-dimensional surface profiles were recorded. For the purposes of brevity, only surface roughness (Ra) and values of worn and unworn areas have been included in this study. Histological examination. Tissue specimens collected from ten patients at revision surgery were stored in 10% formaldehyde in phosphate-buffered saline for a minimum of one week. Random samples were then either embedded in paraffin wax or snap frozen in liquid nitrogen. Sections (8 to 10 m) of the paraffin-embedded tissues were cut using a microtome and stained with haematoxylin and eosin. The frozen-tissue samples were sectioned using a cryostat (8 m) and viewed without staining. Sections were examined at magnifications of ϫ100, ϫ400 and ϫ1000 by light and polarised light microscopy. The precise site of the femoral tissues examined and whether proximal, distal or adjacent to an osteolytic lesion, was not known.
Results
Clinical background. The initial Capital hip replacements had been carried out on the 26 patients between February 1992 and July 1995. There were 17 men and nine women with a mean age at operation of 73 years (49 to 83). Fifteen procedures were on the right and 11 on the left. Fifteen were performed through an anterolateral approach and in 11 the approach was not recorded. No peroperative problems had been noted. Nine had been fixed with CMW lowviscosity and 11 with Palacos cement. In the remainder, the type used could not be determined.
Twenty-four patients underwent a revision procedure for aseptic loosening and two for periprosthetic fracture. In the latter, radiological changes consistent with femoral loosening were seen before the fracture occurred.
The mean time from implantation to revision of the retrieved stems was 3 years 2 months (1 year 10 months to 5 years 3 months). The longest surviving stem had failed clinically 18 months before revision, but revision surgery was deferred because of significant associated medical problems.
Only 15 of the 24 sets of radiographs available contained a suitable film taken immediately after operation and at least a further two taken at follow-up before 18 months. In the remaining sets sufficient films to demonstrate the sequence of events were not present. No radiographs were available for two patients.
Of the 15 immediate postoperative radiographs, two showed an apparently complete cement mantle; the remaining 13 had defects in the mantle in at least one zone. An anteroposterior film, however, is not a reliable method for detecting all defects of the cement mantle. The alignment of the stem appeared neutral in 12 cases, valgus in two and varus in one. None of the immediate postoperative films showed any of the changes subsequently observed. In particular, the appearance of lateral debonding was not seen.
A review of the radiographs revealed a series of changes from the immediate postoperative appearance (Fig. 1 ).
Lateral debonding (stem-cement lucency in zone 1) was seen first, followed by calcar resorption, subsidence of the stem, fracture or fragmentation of the cement and osteolysis. The precise order in which the latter events occurred was not clearly defined.
Lateral debonding was seen on all follow-up films, including one at four months. The mean time for the first appearance of this change was at 12 months and it then gradually progressed.
Subsidence of the stem was first observed at four months in one case but overall at a mean of 16 months. Whether subsidence followed lateral debonding or whether it was a result of failure of fixation with osteolysis and fragmentation of cement was not clear. The mean depth of subsidence before revision was 14.1 mm (3 to 24). Subsidence occurred both within and with the cement mantle, and progressed with time.
Calcar resorption was seen in 14 of the 15 patients, in one from as early as six months after operation. The mean time at which this was first observed was 15 months and the mean loss of calcar height before revision was 10.5 mm (2 to 23). This also progressed with time and appeared to occur before fragmentation of the cement in zone 7, since on several films the cement mantle could be seen protruding above the resorbing calcar.
Fracture or fragmentation of cement was seen at seven months in one patient, but the mean time for its appearance was 19 months. In all patients fragmentation occurred first in Gruen zone 7. It then proceeded to fracture elsewhere in the mantle by approximately 25 months in all except two patients. This also progressed with time. In some cases, the cement could be seen to be becoming thinner.
Endosteal cavitation was noted to result from cementbone lucencies and therefore both were considered as one osteolytic process. It was seen in one patient at seven months, but the mean time for the first appearance of osteolysis was 20 months, with steady worsening. In three patients endosteal cavitation had progressed to cortical expansion and in one to a periprosthetic fracture.
An accumulative frequency graph is shown in Figure 2 , relating the number of patients on whose radiographs a given event could be observed to the time from implantation in months. This allowed the relative time scale of the progression of each event to be compared. With the exception of one patient who did not appear to have any resorption of the calcar by 54 months after operation, all quantifiable sets of radiographs showed all changes.
Of the nine incomplete sets of radiographs, six had immediate postoperative films, of which only two had appeared to have complete cement mantles. The 15 available follow-up films which, had been taken between 6 and 41 months after operation, showed changes consistent with the findings from the more complete sets. One patient had a periprosthetic fracture. Examination of stems. Each stem had two numbers, the catalogue number which denoted the size and design (i.e., flanged or round-back, extra-heavy, etc) and a manufacturer's 'lot' number giving the specific batch in which it was made. The manufacturer would not confirm the number of prostheses in each lot.
The 26 sample stems comprised 16 Capital stems, four Capital plus, three Capital long-necks and three standards. Thus, 23 of the retrieved stems were flanged and only three flat-sided. Lot no. 94G314 occurred three times. One of these was implanted in centre 1 and the other two in centre 3. Lot no. 94H074 occurred twice, both from centre 3, and lot no. 94F109 twice, once from centre 2 and once from centre 3. Without knowing how many prostheses comprise a given lot, it was not possible to determine whether this finding was of significance or merely coincidental. Examination of the stems showed a similar pattern of wear on each, mainly in the anterolateral and posteromedial regions, at the 'corners' where two faces met (Fig.  3) . The original finish of the stem was matt grey on which wear could easily be seen as 'shiny' or polished areas. The degree of wear varied from minor longitudinal 'scratches' in the matt finish to gross polishing with no evidence of the original finish remaining. So characteristic was the pattern that the side from which a stem was explanted was easily determined by inspection of all except three stems.
The surface profiles were quantified. Measurements were taken of the undamaged parts of the original finish from the faces of the stems, of the 'corners' of the stems which were polished, and of the junctions between the two. A representative area of damage at the anterolateral or posteromedial corner of each stem was also determined. Thus the surface profiles began on the flat anterior or posterior face and continued across the 'corner' on to the next face. The analysis quantitatively differentiated between the original finish and the anterolateral or posteromedial corners which were polished, where metal had been removed. This was most easily demonstrated by measurement of the mean surface roughness (Ra). For the original shot-blasted finish the mean (±SEM) Ra was 1.12 ± 0.03 m and for the polished area of the stem 0.52 ± 0.05 m. The difference was statistically significant (Student's t-test, p < 0.05).
It was not possible to estimate the volume of material lost from the stem, but it was polished to a depth of greater than 2 m to remove the asperites from the shot-blasted stem where the original finish had been entirely removed. Although no measurements were made of the retrieved femoral heads and cups, severe damage to the head or gross wear of the polyethylene cups was not observed macroscopically.
Histological examination. Periprosthetic soft-tissue samples from nine of the patients were assessed, all of which had been isolated from around the femoral stem. The cell type and the presence of necrobiosis (acellular areas with collagen fibres) and necrosis (acellular areas without collagen fibres) were determined according to the modified Mirra classification (Table I) as described by Doorn et al. 5 Five microscopic fields of view were scored for each tissue and the results averaged to give the semiquantitative scores shown in Table II .
Three histological appearances were evident in the stained sections: granulomatous, consisting of numerous macrophages and occasional giant cells (Fig. 4) ; necrobiotic, acellular with intact collagen fibrils (Fig. 5) ; and necrotic with eosinophilic acellular tissue debris (Fig. 6) . The tissues were classified into one of four types: areas of necrobiosis and of necrosis (cases 3 and 4); areas of granulomatous inflammation, necrobiosis and necrosis (cases 7 and 8); areas of granulomatous inflammation and necrosis (cases 2, 5, 6 and 10); and totally granulomatous (case 1).
Particles in the sections were assessed in stained and unstained sections by polarised and non-polarised light microscopy. The most striking feature in all the tissues was the presence of a large number of particles 1 to 5 m in size throughout the unstained sections. These were not observed in the stained sections and were not birefringent. They were assumed to be of PMMA cement since they had been removed from the sections by the staining procedure (Fig. 4) . Polyethylene particles were visible as birefringent objects under polarised light at magnifications of ϫ400 and ϫ1000. There were only a few such particles present in the tissues. Metal particles appeared as grey-black specks of 1 to 3 m in size (Fig. 5) . These particles were only seen in five of the tissues and were low in number, with the exception of case 7. Very small non-resolvable particles (< 0.5 m) were present in some stained sections when viewed at a magnification of ϫ1000. These were recorded as non-resolvable particles and were not photographable.
Discussion
The only previous published results on the Capital hip showed definite loosening in 16% and possible loosening in a further 10% of a series of 76 patients. 6 The mean follow- 1 to 2 mm 3 to 9 mm >1 cm Necrosis (per section) 1 to 2 mm 3 to 9 mm >1 cm UHMWPE particles (ϫ400 field) 1 to 10 PL 11 to 100 PL >100 PL Metal particles (ϫ400 field) 1 to 10 H&E* 11 to 100 H&E >100 H&E Non-resolvable particles (ϫ1000 field) 1 to 10 H&E † 11 to 100 H&E >100 H&E PMMA particles (ϫ1000 field) 1 to 10 NP ‡ 11 to 100 NP >100 NP * seen on an unstained section using polarised light † seen on sections stained with haematoxylin and eosin ‡ seen on unstained sections using non-polarised light Granulomatous tissue with PMMA voids (P) (haematoxylin and eosin ϫ400). Necrobiotic tissue. This sample also contains metal debris (M) (haematoxylin and eosin ϫ400).
up time was 26 months. Unpublished results from three centres, known to the Medical Devices Agency, showed rates of failure of up to 21% within five years of implantation. These rates were consistent with the published results using other cemented titanium-alloy stems. Robinson et al 7 reported a rate of revision of 4.3% at two years using a titanium DF80 stem. The surface finish of the stem was not stated. Witt and Swann 8 found a rate of revision of 17% at 24 months with a roughened, titanium McKee-Farrar stem and Tompkins, Lachiewicz and DeMasi 9 a rate of loosening of 11% at 4.8 years using a titanium-alloy Triad stem, the surface finish of which was not stated. This experience was repeated by Charnley et al 10 using
the cemented Fare hip which had a titanium alloy femoral component with a blasted surface. They noticed early subsidence and precocious failure in a few of their patients after only a few months. They reviewed a series of 1000 patients and found an overall rate of failure of about 10%. The mode of failure was similar to that seen in the Capital hip, with subsidence of the stem associated with osteolysis. Titanium particles were demonstrated in the periprosthetic tissues of 12 patients undergoing revision. In April 1992 the Fare stem was changed from rough to polished. A comparison of the rates of failure of the two stems showed a threefold increase in the rough compared with the smooth finished stems. In any discussion of the causes of failure of an implant, it is difficult to separate the cause and effect of failure. The notable feature observed in our series was the overwhelming evidence of gross and rapidly progressive osteolysis of the femur before revision. In two cases this proceeded to fracture. The sequence of events leading to failure was quite clear. The radiological changes showed a number of changes, starting with the failure of the stem-cement interface in zone 1, and proceeding to subsidence, fracture or fragmentation of the cement and osteolysis.
The polishing of the stem and subsequent loss of titanium particles, the partial loss or abrasion of the cement mantle and gross subsidence of the stem were evidence that the rough stem was moving within the cement mantle and generating substantial wear particles. Where the cement mantle was incomplete, the debris may have been released directly to bone causing necrobiosis, necrosis and rapid loss of bone.
Periprosthetic tissues in failed hip prostheses often show a granulomatous, inflammatory response caused by polyethylene wear particles. This response was seen in the acetabular tissues of all but one of the samples which we examined. A necrotic response was seen in the acetabular tissues of the single patient with an explanted, uncemented cobalt-chrome cup with titanium screws. Histological studies of the femoral tissues, however, showed a necrotic or necrobiotic response to particles of PMMA or titanium.
Crawford et al 11 suggested that discontinuities or through defects in the cement mantle were associated with osteolytic lesions, the defects acting as conduits for wear particles to reach the bone. Of the 21 immediate postoperative films, only four had apparently complete cement mantles on anteroposterior films, but defects in the cement mantle may still have been present. Two of the four had thicknesses of only 1 mm in two zones. The anterolateral and posteromedial polishing of the stems was due to retroversion torque, as described previously in the matt-finished Exeter 12 and the Charnley 13 stems. Interestingly, a well-fixed stem not included in this study, which was revised for reasons other than loosening showed no polishing. The roughness of the stem will have a direct bearing on the amount of PMMA debris produced 14 and there is considerable evidence of rough stems producing increased rates of femoral loosening. 8, [12] [13] [14] [15] [16] [17] [18] It may be argued that the movement of the stem within the cement was the result of failure of fixation rather than the cause of failure. Murray et al, 19 however, have shown that there is considerable movement within the cement mantle of the Exeter stem and, to a less extent, of the Charnley, neither of which is associated with a high, early rate of failure. One may speculate on factors causing the Capital stems to subside within the cement mantle. Compared with stainless steel of the same dimensions, titanium-alloy stems cause higher levels of stress in the proximal femur (compression in zone 7 and tension in zone 1) which may overload the cement-bone interface. 20 The low torsional stiffness of the titanium stem may also increase the stresses in the proximal cement and cement interface. The torsional stiffness can be enhanced by increasing the mediolateral distance of the stem. The oxide layer of the titanium alloy is recognised as mechanically unstable and has poor resistance to wear. The more flexible titanium stem will deflect more, giving greater potential for micromovement at the stem-cement interface. 20 Debonding of the prosthesis-cement interface in zone 1 was the earliest change observed, followed by fragmenta- Necrotic tissue (haematoxylin and eosin ϫ400).
tion and subsidence of the cement. This was consistent with the hypothesis that micromovement at the stem-cement interface led to generation of particulate wear debris at that site and to fracture of the cement. These fractures and existing cement defects acted as conduits for the particulate debris to reach bone. This caused necrobiosis and necrosis of the surrounding tissues and with gross femoral osteolysis. The observed subsidence of the stem may have been an initial event, contributing to the generation of debris from the stem-cement interface or may have been due to the failure of fixation, secondary to femoral osteolysis.
The end result, in all cases, was failure of the stem due to aseptic loosening and, in the two cases in which the osteolysis had proceeded through the cortex, to fracture.
The very rapid progression from fracture of the cement and subsidence to severe osteolysis has major clinical implications in determining the timing of revision surgery in patients with a Capital hip replacement.
Conclusions
Our series of 26 explanted titanium Capital stems showed gross femoral osteolysis and a necrobiotic and necrotic tissue response, possibly caused by PMMA and/or titanium debris generated at the stem-cement interface. There was little evidence of wear from the femoral head or cup, but there was significant wear from the roughened titanium stems. Without comparison with a series of stems which had never been implanted in patients, however, the degree of this wear could not be exactly determined.
There is evidence of early radiological changes which may be predictive of subsequent failure. Without a control group of radiographs of apparently well-fixed stems, however, no conclusions may be drawn as to which of the observed changes are significant in predicting future events.
We did not investigate stainless-steel Capital prostheses and therefore no conclusions may be drawn as to their possible failure. This should be considered as a different prosthesis.
